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Abstract
Anti-vector immunity mitigates immune responses induced by recombinant adenovirus vector
vaccines, limiting their prime-boost capabilities. We have developed a novel gene delivery and
expression platform (Ad5 [E1-, E2b-]) that induces immune responses despite preexisting and/or
developed concomitant Ad5 immunity. In the present study, we evaluated if this new Ad5
platform could overcome the adverse condition of pre-existing Ad5 immunity to induce effective
immune responses in prime-boost immunization regimens against two different infectious diseases
in the same animal. Ad5 immune rhesus macaques (RM) were immunized multiple times with the
Ad5 [E1-, E2b-] platform expressing antigens from simian immunodeficiency virus (SIV).
Immunized RM developed cell-mediated immunity against SIV antigens Gag, Pol, Nef and Env as
well as antibody against Env. Vaccinated and vector control RMs were challenged intra-rectally
with homologous SIVmac239. During a 7-week follow-up, there was perturbation of SIV load in
some immunized RM. At 7 weeks post-challenge, eight immunized animals (53%) did not have
detectable SIV, compared to two RM controls (13%) (P<0.02; log-rank Mantel-Cox test). There
was no correlation of protective MHC contributing to infection control. The RM without
detectable circulating SIV, now hyper immune to Ad5, were then vaccinated with the same Ad5
[E1-, E2b-] platform expressing H1N1 influenza hemaglutinin (HA). Thirty days post Ad5 [E1-,
E2b-]-HA vaccination, significant levels of influenza neutralizing antibody were induced in all
animals that increased after an Ad5 [E1-, E2b-]-HA homologous boost. These data demonstrate
the versatility of this new vector platform to immunize against two separate disease targets in the
same animal despite the presence of immunity against the delivery platform, permitting
homologous repeat immunizations with an Ad5 gene delivery platform.
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1. Introduction
Gene delivery platforms have been intensively investigated as vaccine candidates because
they can induce potent cell-mediated immunity (CMI) and humoral responses. A major
challenge in use of recombinant viral vectors vaccines has been their inherent
immunogenicity causing pre-emptive immunologic clearance of the vector and a significant
reduction in the desired transgene directed immune responses [1–4]. Adenovirus serotype 5
(Ad5) based vector vaccines have been thwarted because preexisting immunity to Ad5 is
widespread in humans due to natural infection that hinders even a primary immunization in
clinical studies [3–5]. Ad5 seropositivity is prevalent and studies suggest that cross-reactive
Ad-specific T cell responses are essentially universal [6–8].

An improved Ad5 vector platform with additional deletions in the E2b gene region (Ad5
[E1-, E2b-]) has been reported by us to induce immune responses in Ad5 immune animal
models [9–15]. Previously, we determined that the Ad5 [E1-, E2b-] platform induced
comparable levels of immunity against simian immunodeficiency virus (SIV) targets (Gag,
Nef) in Ad5 naïve and Ad5 immune rhesus macaques (RM) in homologous vaccination
regimens [14]. Comparable levels of immune responses were subsequently induced in RM
to a third SIV antigen (HIV-Pol) vectored by Ad5 [E1-, E2b-], despite hyper-Ad5 immunity
(Ad5 NAb titers averaging 1:5700) [14]. We utilized a Chinese-origin RM SIVmac239
challenge model to determine if immune responses induced by a multivalent Ad5 [E1-,
E2b-]-SIV vaccine in Ad5 immune RM could result in SIV controlling effects [16]. We
report that SIV-specific immune responses induced by vaccinations with Ad5 [E1-, E2b-]-
gag/pol/nef/env resulted in control of circulating SIV in a significant number of animals.

To further test our hypothesis that the Ad5 [E1-, E2b-] vector is a platform technology that
can be used to induce immune responses to a multitude of diseases within the same host, we
vaccinated RM that controlled SIV infection against a second infectious agent, influenza
H1N1. The homologous Ad5 [E1-, E2b-] vector backbone expressing H1N1 hemagglutinin
(HA) was administered in a second prime-boost protocol in the hyper-Ad5 immune RM,
which resulted in the induction of significant levels of influenza neutralizing antibody. This
proof-of-concept study confirms the ability to administer multiple homologous
immunizations using the Ad5 [E1-, E2b-] vector in the presence of anti-vector immunity and
induce effective immune responses against multiple diseases.

2. Materials and methods
2.1. Animals

Thirty SIV and H1N1 naïve Chinese-origin RM were purchased, housed, and handled by
BIOQUAL, Inc., Rockville, MD in accordance with standards of the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC), the
Animal Welfare Act as amended, the Public Health Service Policy on Humane Care and Use
of Laboratory Animals, 2002 and the NIH guidelines for Research Involving Recombinant
DNA Molecules. Animals were sedated with 10 mg/kg ketamine and 1 mg/kg acepromazine
when required. PBMC and sera from individual animals were collected at BIOQUAL and
sent to Etubics Corporation for immune response assessments and to the University of
Wisconsin-Madison for MHC class I genotyping. BIOQUAL performed animal body
temperature determinations, weights, blood chemistries, and hematology parameters.
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2.2. Ad5 vector vaccine construction
The Ad5 [E1-, E2b-] platform has deletions in the E1 gene, E3 gene, polymerase (pol) and
preterminal (pTP) protein genes in the early 2 (E2b) gene region [9]. The previously
described SIV Gag and SIV nef sequences [14] were employed in this study. The SIV Pol
and Env (gp140) inserts were kindly provided by Dr. Daniel Barouch (Harvard Medical
School). The previously described HA influenza H1N1 gene insert was also used [15]. Gag,
nef, pol, env or HA vector vaccines were constructed and transgene expression verified as
described [2,10,11,17]. The ratio of VP to plaque forming units (PFU) was ≥35:1 VP/PFU
per lot.

2.3. Immunizations and challenge with SIVmac239
All RM were immunized two times at 2-week intervals (day-33, -14) intradermally with a
needle in the hind leg with 1010 VP of Ad5 [E1-]-null (no inserted transgene) (Table 1),
which, as reported, induces Ad5 neutralizing antibody (NAb) titers of approximately 1:200
[14]. This level of Ad5 immunity has been considered as “high” Ad5 pre-existing immunity
in clinical trials [10–15]. Following Ad5 immunization, RM were randomized into two
groups of 15 each based on sex, weight and TRIM5α genotyping (supplementary Table I).
Fifteen Ad5-immune RM were immunized subcutaneously in the hind leg with a needle with
1010 VP of a 1:1:1:1 mixture of SIV Ad5 [E1-, E2b-]-gag/pol/nef/env (4 × 1010 VP/
injection) on days 0, 14, 28 and 42. Subcutaneous immunization was chosen since this is the
intended route of vaccination and is currently being employed in our cancer clinical trial
using the Ad5 [E1-, E2b-] vector (ClinicalTrials.gov identifier NCT01147965). To control
for non-specific vector-induced immune responses, 15 Ad5-immune RM were immunized
with 4 × 1010 VP of Ad5 [E1-, E2b-]-null on the same immunization days. Peripheral blood
mononuclear cells (PBMC) and serum were collected from RM immediately before the first
Ad5 [E1-, E2b-] vaccination on day 0 (baseline) and 2 weeks after every vaccination.
Fourteen days following last vaccination (day 56), all RM were challenged intrarectally with
two inoculations of 450 TCID50 SIVmac239 (total of 900 TCID50) over a 24-h period,
designed to achieve at least a 90% infection rate in control animals. Similar challenge
methods and titers have been previously employed [18,19]

2.4. Immunizations with Ad5 [E1-, E2b-]-H1N1-HA
RM that controlled blood-borne SIV infection to below detectable levels were immunized
with 1011 VP of Ad5 [E1-, E2b-]-HA subcutaneously. This vaccine utilizes the same Ad5
[E1-, E2b-] platform and contains the HA gene [16]. Serum samples were collected at
initiation of immunization, during, and after immunizations to assess hemagglutination
inhibition (HAI) titers.

2.5. Ad5 neutralizing antibody (NAb) and HAI assays
Endpoint Ad5 NAb titers were determined as described employing an MTS tetrazolium
bioreduction assay [10,12–14].

HAI assays were performed as described [16] with HAI titers <1:20 considered negative.

2.6. Enzyme-linked immunospot (ELISpot) assay
SIV Gag, Nef, Pol, or Env-specific IFN-γ secretion in RM PBMC was determined
employing ELISpot assays previously described [14] using SIVmac239 Gag (15-mer)
Peptides-Complete Set, SIV-mac239 Nef (15-mer) Peptides-Complete set, SIVmac239 Pol
(15-mer) peptides-Complete Set, and SIVmac239 Env (15-mer) Peptides-Complete Set,
respectively (AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH).
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2.7. Enzyme linked immunosorbent assay (ELISA) for SIV-Gag, Nef, Pol, and Env gp140
Sera from RM were collected and frozen at −20°C until assayed. A quantitative ELISA
technique using 50 ng of purified SIV-Gag, Pol, Nef or gp120 Env, respectively, was
employed [13,20]. Briefly, ELISA plates were incubated with antigen at room temperature
overnight, washed with PBS containing 1% Tween-20 (PBS/Tween) and blocked with PBS/
Tween. Sera (200 µL), diluted 1:100 in PBS/Tween, was added to each well, incubated for 1
h at room temperature, then incubated with 200 µL of a 1:5000 dilution of rabbit peroxidase-
conjugated anti-monkey IgG (γ-chain specific) (Sigma Chemicals, St. Louis, MO) for 1 h at
room temperature. Plates were washed three times with PBS/Tween and 1,2-
phenylenediamine substrate solution (200 µL) was added to each well. The reaction was
stopped by with 5 N HCl solution (50 µL). Quantitative IgG determinations using an IgG
reference standard were calculated as described [12,16].

2.8. Real-time quantitative PCR and MHC class I genotyping
Levels of SIV RNA in plasma were determined by real-time quantitative PCR as described
[21,22].

Comprehensive MHC class I genotyping for Mamu-A and -B alleles was performed as
described [23,24].

2.9. Statistical analysis
Statistically significant differences in mean immune responses between groups of animals
were determined by Student’s t-tests (GraphPad Software, Inc.). Numbers of infected RM
over time for each group were compared employing a Kaplan-Meier plot on infected versus
non-infected RM and analysis employing the log-rank Mantel-Cox test (GraphPad Software,
Inc.). Peak SIV RNA levels in plasma were compared employing the Mann-Whitney test
(GraphPad Software, Inc.).

3. Results
3.1. Ad5 [E1-, E2b-]-SIV vaccine induced immune responses

Adverse reactions to immunizations monitored by clinical observations of body weight,
temperature, blood chemistries and hematology revealed no significant adverse effects or
deviations. Ad5-immunity was induced and confirmed in RM. Three weeks following final
Ad5 [E1-]-null injection (day 0), Ad5-directed neutralizing activity was demonstrated by
presence of Ad5 NAb (1/176 ± 27 SEM in controls; 1/157 ± 39 SEM in vaccinated; P=0.68).
Vaccination with Ad5 [E1-, E2b-]-gag/pol/nef/env induced SIV-specific CMI responses in
Ad5-immune RM as determined by ELISpot analysis for IFN-γ secreting PBMC (Fig. 1A).
Two weeks following final immunization, vaccinated RM had diverse magnitudes of
SIVmac239-specific CMI responses with the highest responses directed against SIV Gag.
There were no SIV-directed immune responses in control animals. Ad5-directed CMI
responses were observed in both vaccinated and control RM, which peaked during study
days 14–28 and decreased following cessation of immunizations (Fig. 2).

Analysis of serum samples revealed that significant SIV gp120 Env antibody was induced in
vaccinated RM (Fig. 1B). No Gag, Pol or Nef antibodies were detected and whether or not
lack of antibody production is due to the route of immunization and/or other factors is
beyond the scope of this study and is subject to further research. Ad5 NAb titers peaked on
day 14 in both groups and decreased thereafter but remained higher than initial baseline
values (Fig. 1C).
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3.2. SIVmac239 challenge
On day 56 post-initiation of immunization, all 30 RM were challenged intrarectally with two
inoculations of 450 TCID50 SIVmac239 virus (provided by Dr. Ronald Derosiers, Harvard
University) within a 24-h period [25]. Two weeks post-challenge (day 70), initial SIV viral
loads were assessed. Five SIV vaccinated RM (33.3%) and one control RM control (6.6%)
had below detectable levels of SIV in plasma (<40 RNA copies/mL). Over the next 7 weeks
there was evidence of viral control in immunized RM. Three vaccinated RM and one control
RM had no detectable SIV in plasma at any time points assessed (Fig. 2). Five vaccinated
RM that initially had detectable circulating SIV controlled the virus to below detectable
levels in plasma on day 77 (n=2), day 84 (n=2) and day 105 (n = 1) post-SIV challenge,
respectively. One control animal that had low levels of SIV post-challenge also controlled
SIV to below detectable levels in plasma by day 84 (Fig. 2B). Two vaccinated RM that
initially had undetectable virus post-challenge became virus positive. Four immunized RM
(26.7%) and 13 controls (86.7%) did not show evidence of SIV control and were terminated.
Eight vaccinated RM (53.3%) and two controls (13.3%) had below detectable levels of
SIVmac239 at 15 weeks post-challenge. Fig. 3.

To determine if the RM that controlled SIV to below detectable levels developed de novo
CMI responses to SIV, PBMC were assessed for recognition of immunizing Gag, Pol, Nef
and Env as well as non-immunizing Tat, Rev and Vif. Vaccinated RM that were SIV
viremic but controlled the virus to below detectable levels had anamnestic immune
responses to immunizing and non-immunizing SIV antigens (data not shown), indicating
that an SIV infection was established in these animals. The three vaccinated RM that
remained aviremic did not develop de novo CMI responses to non-immunizing SIV antigens
Tat, Vif and Rev post-SIV challenge, indicating that an SIV infection was not established in
these animals. The two control RM without progressive SIV infection also did not develop
de novo CMI responses to non-immunizing SIV antigens Tat, Vif and Rev post SIV
challenge.

Major histocompatibility complex (MHC) classes I and II molecules determine the
repertoire of T cell responses that can develop against SIV and/or any other foreign
pathogen [26]. Although Chinese RM are not as well defined in MHC loci as Indian RM, a
few allelic variations are identified that contribute to natural protection or control of SIV
infection including B03 and B17. To determine if any particular MHC allele affected the
magnitude of vaccine induced CMI responses or control of SIV viremia following challenge,
MHC typing was performed on all of the RM (Supplementary Table 1) [23,24]. There was
no observed correlation between SIV viral control and genetic parameters assessed.

3.3. Vaccination against a second infectious disease H1N1 influenza
To determine if the Ad5 [E1-, E2b-] platform could be used to induce an immune response
to a different infectious disease after immunization and control of SIV, the 8 SIV vaccinated
animals that controlled SIV to below detectable levels and were hyper-immune to Ad5 were
subsequently immunized with Ad5 [E1-, E2b-]-HA on days 119 and 147. The two control
RM without progressing SIV were also immunized using the prime-boost protocol to
determine if HA specific immune responses could be induced despite concomitant Ad5-
immunity. Ad5 NAb titers averaged 1:406 ± 102 (SEM) in the 8 SIV vaccinated RM and
750 ± 250 (SEM) in control RM on the first day of Ad5 [E1-, E2b-]-HA vaccination. Sera
were assessed for H1N1 neutralizing antibody activity 30 days after the first H1N1
vaccination. All 10 vaccinated RM vaccinated sero-converted, exhibiting levels of HAI titers
generally considered to provide protection from influenza infection (>1:40) (Fig. 4) [27].
The RM were boosted with Ad5 [E1-, E2b-]-HA on day 147 to determine if anti-influenza
responses could be elevated. Ad5 hyper-immunity was present with Ad5 NAb levels
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averaging 1:2025 ± 690 (SEM) in SIV-immunized RM and 1:5000 ± 0 (SEM) in control
RM on day 147. Two weeks after homologous Ad5 [E1-, E2b-]-HA boost (day 161), HAI
titers increased over 10-fold from pervious values, averaging 1:580 ± 120 (SEM) in SIV-
vaccinated RM and 1:960 ± 320 (SEM) in control RM (Fig. 4).

4. Discussion
We investigated the anti-SIV effect of immunizations with a multivalent SIV vaccine using
a new Ad5 [E1-, E2b-] platform. Importantly, RM were made Ad5-immune to determine if
the Ad5 [E1-, E2b-] platform could remain effective in the presence of vector immunity.
Employing a multiple homologous immunization protocol, SIV-specific CMI responses
were induced after immunizations with Ad5 [E1-, E2b-]-gag/nef/pol/env. This confirms our
previous studies in Ad5-immune RM and Ad5-immune mice, where we observed similar
results [10,11,14]. Additionally, SIV specific Env antibodies were detected in Ad5-immune
RM after multiple vaccinations. We performed a homologous challenge with SIV-mac239
and assessed the short-term viral controlling effects of immunization. We observed that
immunizations resulted in control of SIV viremia in a significant number of animals and
speculate that both cellular and humoral immune responses contributed to viremia control,
although further detailed examinations of the mechanisms are needed. It has been reported
that immunologic correlates indicated that Env-specific antibodies may be critical for
blocking acquisition of infection and that multiple cellular and humoral immune responses
may correlate with virus control [19]. In future studies, it is important to identify immune-
based parameters including levels of polyfunctional T-cell compartments from both
systemic and mucosal tissues to achieve greater insight into the mechanism of SIV control.
It will also be useful to follow SIV challenged animals for longer periods of time and assess
the influence of immunologic memory on the control of viral infection.

Another important aspect of the present study is the demonstration that an immune response
can be induced against a second infectious disease target in an Ad5 hyper-immune
environment. After two administrations of Ad5-null and four immunizations with Ad5 [E1-,
E2b-]-SIV-gag/nef/pol/env, RM were immunized against influenza using the same vector
backbone. Neutralizing activity to H1N1 influenza was assessed by HAI because this is a
standard test used as a correlate of protection in human clinical trials [27]. HAI activity was
induced in RM 30 days after a single immunization and boosted with a second
administration of Ad5 [E1-, E2b-]-HA despite high titers of Ad5 NAb (Fig. 4). We
previously reported that similar levels of HAI titers induced in mice and ferrets by
immunizations with Ad5 [E1-, E2b-]-HA resulted in protection from disease as evidenced
by lack of mortality and pathology after lethal H1N1 challenge [16]. This demonstrates the
extended utility of the new recombinant Ad5 [E1-, E2b-] vector platform to immunize
against one disease with the capacity to immunize against a second disease in the same RM.

Ad5 vectors remain ideal candidates for use as vaccine gene delivery platforms with several
important attributes including an extensive safety profile, reliable manufacturing, and direct
delivery to patients for immunization or immunotherapy [28,29]. We are currently able to
produce sufficient quantity of the Ad5 [E1-, E2b-] vaccine platform to deliver up to 5 × 1011

VP/dose in a current cancer clinical trial (ClinicalTrials.gov identifier NCT01147965). The
STEP trial tested an earlier generation recombinant Ad5 [E1-] trivalent HIV vaccine and
brought forth a safety concern for the use of recombinant Ad5-based HIV vectored vaccines.
It has been reported that there was a trend toward increased risk of HIV-1 acquisition in
vaccinated subjects who were Ad5 seropositive at baseline [30,31]. It was observed that
within 18 months of enrollment or 1 year after vaccination, uncircumcised men with
baseline Ad5 NAb had an increased risk of acquiring HIV infection that waned after about
18 months and became equal to that of volunteers who received placebo [32,33]. Recent
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evidence indicates that risk behaviors in this group could not account for increased risk of
acquiring HIV infection noted in the STEP trial [34]. These results are confounded by
studies indicating that uncircumcised men are at increased risk of HIV infection without
Ad5 vector immunization [32,33]. Moreover, these findings are in sharp contrast to three
different HIV-1 vaccine efficacy trials indicating that pre-existing Ad seropositivity is not
associated with HIV-1 acquisition [35]. A recent analysis of baseline serum from
participants in the STEP trial revealed that subjects infected with HIV-1 during the study
were less immunologically responsive prior to the first vaccination [31]. These qualitative
differences in their immune systems prior to immunization may have increased risk of
HIV-1 acquisition [31]. Further research will be required to delineate if any biologic factors
due to Ad5 vaccination contributed to increased susceptibility to HIV-1 acquisition,
although no causal association has been found between Ad5 seropositivity and HIV-1
acquisition despite intense investigation [30,31].

This proof-of-concept study confirms the ability to administer multiple homologous
immunizations using the Ad5 [E1-, E2b-] vector in the presence of anti-vector immunity and
induce effective immune responses against multiple diseases. The new Ad5 [E1-, E2b-]
vector advances the field of vaccine technology by providing a platform that may be utilized
in applications requiring multiple homologous immunizations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Vaccine-induced immune responses in RM before SIVmac239 challenge. PBMC and sera
were isolated from vaccinated RM at baseline (day 0) and during the course of 4
immunizations. PBMC were assessed for Gag(black), Pol(white), Nef(striped) or Env(grey)
induced IFN-γ secretion by ELISpot analysis (A). Note the CMI responses induced during
the course of multiple immunizations. No SIV CMI responses were detected in controls
immunized with Ad5 [E1-, E2b-]-null. An IgG response (baseline-subtracted) was detected
against gp120 env in vaccinated RM employing a quantitative ELISA technique (B). No
antibody was detected against SIV-gag, pol, or nef.
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Fig. 2.
Ad5 vector-induced immune responses. PBMC and sera were isolated from vaccinated and
vector control RM at baseline (day 0) and during the course of 4 immunizations (A). Ad5
NAb endpoint titers peaked 2 weeks (day 14) after the first injection with either Ad5 [E1-,
E2b-]-null (black circle) or multivalent Ad5 [E1-, E2b-]-SIV-gag/pol/nef/env (white square).
Thereafter, Ad5 NAb levels decreased to newly established but higher baseline levels. Error
bars indicate ± SEM. B. Ad5 CMI responses peaked on day 14 in vector control animals
(black circle) and day 28 in Ad5 [E1-, E2b-]-SIV immunized RM. These responses were
significantly higher in the vaccinated RM on the first day of Ad5 [E1-, E2b-]-gag/pol/nef/
env immunization. *Days that there was a significant difference between the vaccinated and
vector control RM (P<0.05).
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Fig. 3.
SIV viral load (RNA copies/mL plasma). SIV viral load was assessed 2 weeks post-
SIVmac239 challenge (day 70) and weekly thereafter. Ad5-immune RM immunized with
Ad5 [E1-, E2b-]-gag/pol/nef/env had varying degrees of SIV viral control (A). Three
vaccinated RM had undetectable levels of SIV in plasma for the duration of the study (A,
blue). Eight vaccinated RM exhibited viral control (A, red). Four vaccinated had persistent
SIV levels post SIV challenge A (black). Ad5-immune controls generally had no control
over SIV had persistent SIV viremia post SIVmac239 challenge (B, black). One control RM
had undetectable SIV for the duration of the study (B, blue) and one control RM had a viral
blip that resolved by day 84 (B, red). Thirteen controls.
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Fig. 4.
Hemagglutinin inhibition (HAI) titers in RM. Eight SIV-vaccinated RM (black) and two
vector control RM (white) that controlled SIV to below detectable levels were subsequently
immunized with Ad5 [E1-, E2b-]-HA on days 119 and 147. Sera were assessed for the
development of H1N1 neutralizing antibody activity 30 days after the first H1N1
vaccination (day 147). All 10 RM vaccinated with Ad5 [E1-, E2b-]-HA seroconverted. The
RM were then boosted with Ad5 [E1-, E2b-]-HA on day 147 and HAI titers were assessed 2
weeks later (day 161). The boost increased HAI in both groups, averaging 1:580 ± 120
(SEM) in SIV vaccinated RM and 1:960 ± 320 in SIV control RM.
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